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Abstract

We have improved the quality of our narrow bandgap a-SiGe:H grown by hot-wire chemical
vapor deposition (HWCVD) by decreasing our W filament diameter and our substrate
temperature. We now grow a-SiGe:H with Tauc bandgaps below 1.5 eV having a photoresponse
equal to or better than our plasma enhanced CVD grown alloys. We enhanced the transport
properties—as measured by the photoconductivity frequency mixing technique—relative to
previous HWCVD results. These improved alloys do not necessarily show an improvement in
the degree of structural heterogeneity on the nanometer scale as measured by small-angle x-ray
scattering. Decreasing both the filament temperature and substrate temperature produced a film
with relatively low structural heterogeneity while photoluminescence showed an order of

magnitude increase in defect density for a similar change in the process.
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1. Introduction

This paper is a companion to the one by Y. Xu et al. [1], where she describes the changes made
to the deposition processes to improve the material properties of narrow gap a-SiGe:H alloys.
Narrowing the bandgap of a-SiGe:H alloys by increasing the Ge content also decreases the film
quality. For example, both the defect density and the Urbach energy increase with increasing Ge
content [3]; other properties, such as the photoresponse [2] and the structural homogeneity on the
nanometer scale decrease [4]. This is due partly because the void density increases, and partially
because the Ge distribution fluctuates with in the film [5]. The ambipolar diffusion length
decreases [6] with increasing Ge. It is difficult to passivate Ge-dangling bonds (with H) as the

Ge content increases [7], leading to poor film quality in films with narrow bandgaps.

Our early attempts to grow a-SiGe:H at high deposition rates (over 10 A/s) were promising at
Tauc gaps over 1.5 eV, but our films with narrower gaps were of poor quality [6]. Matsumura
reported similar results for a-SiGe:H grown by hot-wire chemical vapor deposition (HWCVD) in
the late 1980’s [8]. We since decreased both the filament diameter and the substrate temperature
improved the photoresponse of our narrow bandgap a-SiGe:H [1], we grew a series of samples

for a variety of material characterizations reported in this paper.

2. Experiment

These samples were grown using a 0.38 mm W filament wrapped in a coil in our tube reactor
with an isothermal heating zone. Germane and silane were the respective Ge and Si source gases.
Hydrogen dilution was used at flows similar to the sum of the flows of the silane and germane

(~25 sccm). Additional run details are in reference [1] and in Tables 1 & 2.
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The charge transport properties of the a-SiGe:H samples in the annealed state (2 hours at 150°C)
were characterized by using the photomixing technique at room temperature [10-12]. This
technique enables a separate determination of the drift mobility (u,) and the photomixing lifetime
(T) of the dominant photogenerated carriers. From the electrical field dependence of these
quantities, the range and the depth of the long range potential fluctuations (LRPF), and
subsequently the relative changes in the charged defect density in the films is determined. The
longitudinal modes of a He-Ne laser were employed to generate the microwave difference
frequencies. The beat frequency signal at 252 MHz (photomixing angular frequency ~1.58 GHz,
corresponding to a time scale of ~630 ps) was used as it has the highest intensity. Small-angle x-
ray scattering (SAXS) was used to examine film heterogeneity. The experimental methods and

data interpretation procedures are described elsewhere [13].

3. Results and Discussion

3.1 Conductivity

Figure 1 shows the results of conductivity measurements made on these samples. We increased
the photo-to-dark conductivity ratio (photoresponse) of these alloys from our previous work as
shown in the top frame of Figure 1. The dark conductivity increases somewhat uniformly with
decreasing Tauc gap (bottom frame of Figure 1). It is difficult to consistently obtain high
photoconductivities in these narrow gap alloys, as noted by the large scatter in photoconductivity
in the middle frame of Figure 1 and the top frame of Figure 2. Samples with high photoresponses

typically have a high photoconductivity.



3.2 Photoconductivity Frequency Mixing

Figure 2 shows the photoconductivity (which is proportional to the p,T product) as a function of
the Tauc gap in the top frame, followed by the p, and T independently—also as a function of the
Tauc gap—in the middle and bottom frames, respectively. In a previous study of a-SiGe:H by
HWCVD, we were unable to obtain a good enough photoresponse from samples with enough Ge
in them to lower the bandgap below 1.4 eV and thus were not able to report on measurements
using the photomixing technique for such narrow bandgap alloys [12]. This effort produced
superior a-SiGe:H alloys to the previous study. Although both the p, and T have vastly smaller
values than the a-Si:H reference (far right, ~1.72 eV data in Figure 1), they are at least
measurable. The earlier data showed a decrease in the p,T product correlating with a decrease in

the photoconductivity. The current data are less correlated.

The bandgap (Ge) dependence of the mobility observed suggests that the LRPFs may be
involved in the charge transport process. As Sheng et al. suggested [12], the decrease in drift
mobility results from an increase in the charged scattering centers, which can be caused by
LRPF. LRPF was evident because mobility increases with increasing applied electrical field and
with increasing illumination intensity caused by screening [10]. The measurements of the
electrical field dependence of mobility and lifetime show strong evidence for the presence of
LRPF. We have calculated the range and depth of the LRPF, and show the results in Figure 3. As
expected, the mobility decreases as the depth of the LRPF increases (see the “mirror” like
dependencies with Tauc gap from the middle frames in Figures 2 and 3 respectively). The rapid
increase in the depth of the LRPF with increasing Ge (lower Tauc gap) from our first study [12]
is averted in this set of samples, further evidence of improved quality resulting from our new

process [1].



The density of charged defects (N) responsible for the LRPF can be estimated by:

NoV, L (1)

Where V, represents the depth potential fluctuations and L represents the range of the potential
fluctuations [11]. The bottom frame in Figure 3 shows the relative change in the charged defects
as a function of Tauc gap. Clearly the charged defect density increases with increased Ge (lower

Tauc gap).

3.3 Photoluminescence

The PL peak energy position at 80 K is presumably correlated to the optical gap, and the relative
efficiency is inversely proportional to the density of defects. Figure 4a shows the relative
intensity of PL as function of photon energy at 80 K for samples L743, L744, and L745. The
peak intensities that are obtained from this figure and are summarized with key deposition data
in Table 1. In order to compare the PL spectral line shape, we plotted the normalized PL spectra
in Figure 4b, from which we get PL peak energy positions (Table 1). This correlates with the

optical gap as expected.

The relative PL intensity of sample L744 is only about 30% less than that of sample L743,
whereas the PL peak energy decreased about 0.1 eV. The higher Ge content of L743 reduces the

optical gap, and the defect density increases slightly, relative to L744.



L'745 has an order of magnitude larger defect density than L.744. 745 was grown by reducing
both the filament temperature and the substrate temperatures from L744. We light soaked all
three samples with an in-situ 100 mW/cm” white light for 2 hours. There were no obvious
changes of the PL spectra before and light soaking for samples L.743 and L744, but there was a
30% increase of the PL relative intensity for sample L745 as shown in Figure 5. Usually the PL
intensity at 80 K has no obviously change, or a slight decrease, when metastable defects were
created. If the structure changes and defects are created take place in a non-homogeneous film,

the PL intensity could increase [15].

3.4 Small Angle X-ray Scattering

Figure 6 shows SAXS scans for a set of alloys grown under conditions similar to those discussed
earlier (Table 2). There is a systematic increase in the SAXS intensity with increasing Ge content
of the film, except for L828 which has the smallest intensity of this set. Figure 7 shows the
integrated SAXS intensity, Qy, as a function of the Tauc gap for each sample (top frame). Qy is a
measure of the total electron density fluctuations in the film [13] and correlates to changes in
film uniformity caused by nanovoids or Ge concentration fluctuations [5]. An increase in Qy
implies an increase in the nanostructural heterogeneity. Consequently, either void density or Ge
non-uniformity, or both, will increase. We know from previous work (dashed line), that the
nanostructural heterogeneity displays a sharp increase at bandgaps < 1.5 eV. The current samples
have bandgaps below this transition and hence have large Qy. We model the SAXS data using
spherical objects, of an average diameter <D> as the cause of heterogeneity in the films [13].
The values for <D> for these films are presented in Table 2 and are only somewhat smaller than

the range of the LRPF deduced from the photomixing technique (Figure 3, top frame).



In the middle frame of Figure 7 we see that this set of films has a similar photoresponse to our
previous narrow gap alloys grown at higher deposition rates (dashed line), except for L828
(which has a very high value for the gap of 1.25 eV). In the bottom frame of Figure 7 we see that
Urbach energy (E;) as measured by the constant photocurrent method shows a systematic
increase with decreasing Tauc gap, again with the exception of L.828, which has a lower E; than
the trend. The anomalous sample—L828—was grown with a lower substrate temperature

(150°C) and a lower filament temperature (1800°C) than the others.

4. Conclusions

We used a variety of measurement techniques to confirm that we have improved the material
quality of our narrow bandgap a-SiGe:H alloys. We can now measure the transport properties of
alloys with Tauc gaps below 1.45 eV using the photoconductivity frequency mixing technique.
Improvements in the photoresponse for one very narrow Tauc gap film (L828) were
accompanied by lower values of both E; and Qy relative to trends of increasing values with
increasing Ge alloying. This sample was grown by lowering both the filament temperature and
substrate temperature relative to other films in this series (all grown with the smaller filament
diameter of 0.38 mm). A similar change in the deposition conditions for a sample prepared for
photoluminescence measurements (L745) resulted in an order of magnitude increase in defect
density and a 30% increase in the PL relative intensity with light soaking; however, this sample

had a lower photoresponse than the SAXS sample.
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List of Table and Figure Captions

Fig. 1: The photoconductivity of a-SiGe:H alloys as a function of the deposition rate. The dashed
line represents typical PECVD results [3]; the solid line represents our results from HWCVD

growth at high deposition rates [4].

Fig. 2: The photoconductivity (top frame, used in photomixing measurements), mobility (middle
frame) and lifetime (bottom frame) of a-SiGe:H alloys as a function of the Tauc gap. The gray

symbols (= 1.4 eV) are from [12].

Fig. 3: The range (top frame) and depth (middle frame) of the potential fluctuations and the
relative change in the density of charged defects (bottom frame) of a-SiGe:H alloys as a function

of the Tauc gap. The gray symbols (= 1.4 eV) are from [12].

Fig. 4: PL spectra at 80 K for samples L743, L744, and L745, (a) relative intensity and (b)

normalized spectra.

Fig. 5: Light-induced effects on PL spectra for sample L.745. The PL intensity increased about
30% from State A after light soaking by a 100 mW/cm?2 white light for 2 hours (State B1). There

is little additional change with 2 more hours of light soaking (State B2).

Fig. 6: SAXS intensity for a-Si, ,Ge,:H alloys with various X, the values of which are given in

parentheses.



Fig. 7: The integrated SAXS intensity (top frame), photoresponse (middle frame) and Urbach

energy (bottom frame) as a function of the Tauc gap. The dashed lines are the best data from [6].

Table 1: Deposition and PL summary data. All samples were grown with a 1:1 H, dilution

(25 sccm)

Table 2: Deposition, SAXS, and CPM summary data. All samples were grown with a 1:1 H,

dilution (25 sccm)
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Table 1

Sample L743 L744 L745
Heater T (°C) 250 250 125
SiH,/(SiH,+GeH,) 25 35 35
Filament T (°C) 2150 2150 1800
Tauc gap (eV) 1.37 1.29 1.17
PL intensity 550 400 22
PL peak E position (eV) 0.98 0.89 0.82
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Table 2

Sample 1825 L824 L80| L819| L1822 L828
Heater T (°C) 250 250 250 250 250 150
GeH./(SiH,+GeH,) 0.13 0.18 0.25 0.25 0.35 0.35
Filament T (°C) 2100 2100 2100 2100 2100 1800
Deposition Rate (A/s) 6.0 6.0 7.2 7.7 6.3 2.4
Tauc gap (eV) 1.52 1.46 1.40 1.40 1.33 1.25
Ge (at.%) by SIMS 25.5 30.6 35.9 37.6 49.1 55.3
Qy (10*eu/cm’) by SAXS 3.25 6.26 9.01 11.5 19.7 1.86
<D> (nm) by SAXS 4.1 2.9 3.4 3.5 3.2 3.1
E, (meV) by CPM 51 52 55 60 53
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